Abstract Aims/hypothesis: The insulinotropic hormone, glucagon-like peptide-1 (GLP-1), is rapidly degraded in vivo as a result of the combination of extensive enzymatic degradation and renal extraction. The GLP-1 receptor agonist, exendin-4, has a longer duration of action, and has recently been approved as a new agent for the treatment of type 2 diabetes mellitus. Exendin-4 is less prone to enzymatic degradation, but it is still unclear what other factors contribute to the increased metabolic stability. ; N-terminal RIA; t 1/2 1.5±0.2 min, MCR 88.1±10.6 ml min
Introduction
Glucagon-like peptide 1 (GLP-1) is an incretin hormone, which is released from the L cells of the distal intestine in response to nutrients. It possesses a number of beneficial antidiabetic properties, (reviewed in [1] ), which has raised interest in using GLP-1 therapeutically to treat type 2 diabetes mellitus. However, the usefulness of the native peptide is limited by its metabolic instability. Biologically active GLP-1 has an apparent plasma half-life of only 1-2 min in humans [2] , which means that continuous infusion is required to maintain efficacy [3, 4] . Enzymatic degradation has been identified as a major contributor to the metabolic instability of GLP-1. The ubiquitous enzyme, dipeptidyl peptidase IV (DPPIV), rapidly cleaves a dipeptide from the N-terminus [5, 6] , rendering the peptide inactive, because an intact N-terminus is required for receptor activation [7] . However, DPPIV may not be the only enzyme involved in the degradation of GLP-1. In vitro studies have demonstrated that neutral endopeptidase 24.11 (NEP) can cleave GLP-1 at multiple sites in both the central and more C-terminal parts of the peptide [8] , suggesting a potential role for NEP in the in vivo metabolism of GLP-1. In support of this, a study from this laboratory recently found that NEP inhibition increases the metabolic stability of exogenously administered GLP-1 in anaesthetised pigs [9] . In addition to the substantial enzymatic degradation, several studies have pointed to the kidney as an important mediator in the final elimination of GLP-1 and its metabolites. Autoradiographic studies demonstrated a tendency for GLP-1 to accumulate in the kidneys shortly after intravenous administration [10] , while studies in nephrectomised rats and in patients with renal failure revealed reduced clearance of GLP-1 [11, 12] . These findings have prompted much research into identifying metabolically stable analogues/derivatives of GLP-1 suitable for therapeutic use. One such compound is exenatide, a synthetic peptide identical to the naturally occurring peptide exendin-4, which has recently been approved by the FDA for the treatment of type 2 diabetes mellitus. Exendin-4 is a 39-amino-acid GLP-1 receptor agonist that shares 53% sequence homology with GLP-1; the resemblance being most pronounced in the N-terminal [13] . The sequence homology is less pronounced in the C-terminal region, and exendin-4 also has a nine-amino-acid extension. Exendin-4 has a half-life of 26 min in humans after intravenous infusion [14] , but the precise factors that contribute to the slower metabolic clearance of exendin-4 relative to GLP-1 have not been examined in detail. In vitro studies have shown that exendin-4 is apparently more resistant to enzymatic degradation than GLP-1 [15] . It is hardly degraded by DPPIV and is a poor substrate for other enzymes, including NEP [8] . Although the in vivo metabolism of exendin-4 has not been studied in detail, it appears that the kidneys may play an important role in its elimination [14] .
The aim of the present study was to compare directly the overall metabolism of GLP-1 and that of exendin-4, in vivo, with specific emphasis on the renal metabolism. Studies were carried out in anaesthetised pigs using a protocol which has previously been used to reveal metabolic degradation of GLP-1 [6] , glucose-dependent insulinotropic polypeptide (GIP) [16] and glucagon [17] .
Materials and methods

Animals and surgical procedure
The animal studies were in accordance with international guidelines (National Institutes of Health publication no. 85-23, revised 1985, and Danish legislation governing animal experimentation, 1987), and were carried out after permission had been granted by the National Superintendent for Experimental Animals. Female pigs (n=9) of the LYD strain (Lars Jonssen, Lynge, Denmark), weighing approximately 30 kg and fasted overnight were used in this study. After premedication with Ketalar (10 mg/kg ketamine hydrochloride; Pfizer, Ballerup, Denmark), the animals were anaesthetised with intravenous α-chloralose (66 mg/kg; Sigma, Brøndby, Denmark), and ventilated with intermittent positive pressure with N 2 O/O 2 . After midline laparotomy, catheters were placed in both ureters, and subsequently, vascular catheters were placed in the right carotid artery, the left renal vein, the right hepatic vein, the left femoral vein, the portal vein, and the pulmonary artery as previously described [6] . Cannulas were inserted into the veins of both ears, one was used for infusion of saline at a rate of 5 ml/min, and additional chloralose as necessary, and the other was used for peptide infusions. Following the surgical procedure, the animals were heparinised and left undisturbed for 30 min.
Experimental procedure
Peptide metabolism
All animals received two peptide infusions; one of GLP-1(7-36)amide (Bachem, Weil am Rhein, Germany) and one of exendin-4 (Bachem). Because of the anticipated long half-life of exendin-4, these studies were not carried out as cross-over studies. Two basal blood samples were taken from the carotid artery, at −10 and 0 min, after which, an intravenous infusion of GLP-1(7-36)amide was initiated. The peptide (dissolved in 0.04 mol/l phosphate buffer pH 7.5 containing 1% human serum albumin [Merck, Darmstadt, Germany]), was administered using an automatic syringe pump for 30 min at a rate of 2 pmol min −1 kg −1 . During the infusion, carotid arterial blood samples (3 ml) were taken every 5 min. After 20 min, when steady-state arterial peptide concentrations had been attained, simultaneous blood samples (3 ml) were taken from the carotid artery and all the veins, followed by a duplicate set of samples 5 min later. After 30 min, the GLP-1 infusion was stopped and further arterial blood samples were taken at 1, 2, 4, 6, 10, 15 and 20 min. Thirty minutes after the end of the GLP-1 infusion, an intravenous infusion of exendin-4 was started. The peptide (dissolved in 0.04 mol/l phosphate buffer pH 7.5 containing 1% human serum albumin) was infused for 40 min at a dose of 0.2 pmol min
, preceded by a bolus intravenous injection of 6 pmol/kg. During the exendin-4 infusion, carotid arterial blood samples (3 ml) were taken every 10 min and a duplicate set of venous blood samples (3 ml) and carotid arterial blood samples were taken at 30 and 35 min. Following termination of the infusion, arterial blood samples were taken at 10, 20, 30, 45, 60, 90, 120 and 150 min.
Blood samples were collected into chilled tubes containing EDTA (Merck) (7.4 mmol/l final concentration), and valine pyrrolidide (0.01 mmol/l final concentration, a gift from Richard D. Carr, Novo Nordisk A/S, Bagsvaerd, Denmark). The tubes were stored on ice during the experiment until centrifugation at 4°C, after which plasma was separated and kept at −20°C until analysis.
A separate group of control animals (n=3) underwent the same procedure, except for receiving vehicle in place of the peptide infusions.
Renal haemodynamics
Animals received 14 C-labelled inulin and 3 H-labelled paraaminohippuric acid (PAH) infusions throughout the experiments. Infusions were started immediately after insertion of the catheters into the ureters with a bolus injection of The total volume of blood taken (150 ml) did not exceed 5% of the total blood volume for a 30-kg animal and this fluid loss was replaced with saline following each blood sample. Blood pressure and heart rate were monitored throughout the experiments, and remained stable, as seen in previous experiments [6] .
Hormonal analysis
Two different RIAs were used for the analysis of GLP-1 to detect terminus-specific degradation. Antiserum 89390 is highly specific for the intact amidated C-terminal of GLP-1 (7-36)amide. It shows full cross-reactivity with GLP-1 peptides truncated at the N-terminus, <0.5% cross-reactivity with GLP-1 peptides truncated at the C-terminus (i.e. GLP-1(7-33), GLP-1(7-34) and GLP-1(7-35)) and no cross-reactivity with exendin-4. The detection limit was <1 pmol/l [18, 19] . Antiserum Her4 (obtained from Dr Dominique Bataille, Inserm U 376, Montpellier, France) requires the intact N-terminus of the GLP-1 molecule. It showed no measurable cross-reaction with peptides that were extended at the N-terminus, <1% cross-reaction with peptides truncated at the N-terminus, including GLP-1(9-36)amide, and no cross-reactivity with exendin-4. Crossreactivity with GLP-1 peptides truncated at the C-terminus was 100%. The detection limit was below 2 pmol/l. For both GLP-1 assays, the intra-and inter-assay coefficients of variation for concentrations covering the working ranges of the assay were <6 and 10-15%, respectively. Plasma samples analysed for GLP-1 immunoreactivity were extracted by ethanol precipitation (70%, vol/vol, final concentration for C-terminal GLP-1, and 80% vol/vol, final concentration for N-terminal GLP-1) before analysis. The recovery of GLP-1, added to plasma before extraction (in concentrations covering the whole standard curve), was 75% for C-terminal GLP-1 [20] , and 80% for N-terminal GLP-1.
Since, for exendin-4, little N-terminally directed degradation is expected [15] , the immunoreactivity of exendin-4 was determined with competitive RIA, using a single antibody, which is directed towards the central or Cterminal region of the peptide (a gift from M. Ghatei, Endocrine Unit, Hammersmith Hospital, London, UK), which was raised against exendin-4 conjugated to human serum albumin [14] . The tracer used was 125 I-labelled exendin(9-39) (Perkin Elmer). No cross-reactivity was observed with either GLP-1, glucagon or GIP, whereas the antibody cross-reacted 100% with exendin(9-39). The intra-and inter-assay coefficients of variation at concentrations covering the working range of the assay were <5 and 10-15%, respectively, and the detection limit was <1 pmol/l. Plasma samples were analysed directly in unextracted plasma diluted 10-fold with assay buffer.
Calculations and statistical analysis
The renal clearance of [ 14 C]inulin was used to estimate the GFR for each kidney using the formula For each animal, the organ extractions of exendin-4 and GLP-1 were calculated from arteriovenous concentration differences, as described in detail previously [6] . The pulmonary extraction was calculated as the concentration difference between the pulmonary artery and the carotid artery, while for determination of the hepatic extraction, the hepatic blood flow was calculated on the assumption that 75% originates from the portal vein and 25% originates from the carotid artery.
The plasma half-life of GLP-1 and exendin-4 was determined from the elimination phase of the carotid artery plasma profile (after subtraction of basal concentrations in the arterial sample before the start of the peptide infusion, and conversion to natural logarithms followed by linear regression). The metabolic clearance rate (MCR) was determined from the actual infusion rates using the formula MCR=infusion rate/A carotid .
The renal extraction of each peptide was calculated as: renal extraction=RPF×(A carotid −V renal ) and the maximum amount filtered was calculated as: amount filtered= GFR×A carotid .
The renal clearance rate was calculated as: renal clearance rate=((A carotid −V renal )/A carotid )×RPF.
Data are expressed as mean±SEM and analysed by analysis of variance (ANOVA) and t-test for paired and unpaired data as appropriate. Differences resulting in p<0.05 were considered significant. Statistics were performed using Stastistica 6.0 for Windows (Statsoft, Tulsa, OK, USA).
Results
In vivo half-life and metabolic clearance rate
The plasma profile of exogenous GLP-1 (n=9, Fig. 1 ) revealed significantly higher C-terminal GLP-1 immunoreactivity levels than N-terminal GLP-1 immunoreactivity (p<0.001, paired t-test). The plasma half-life tended to be shorter when determined with the N-terminal (t 1/2 1.5± 0.2 min) as compared to the C-terminal GLP-1 RIA (t 1/2 2.0±0.2 min), although this was not significant (p=0.1), and N-terminal GLP-1 immunoreactivity was cleared significantly faster (MCR N-terminal 88.1±10.6 ml min
, p<0.0001, twoway ANOVA). Plasma concentrations of exendin-4 (n=9) are shown in Fig. 2 . Exendin-4 was significantly more stable than GLP-1 (p<0.01, one-way ANOVA followed by paired t-test; t 1/2 22.0±2.1 min; MCR 1.7±0.3 ml min
).
Organ extraction
The immunoreactivity of plasma GLP-1 and exendin-4 during the peptide infusions is given in Table 1 , and the net balance, as percent extraction across the different organs, is illustrated in Fig. 3 . There was no significant organ extraction of GLP-1 across the lungs or the intestine, whereas extraction across the kidneys and the hind leg (representing muscular, connective, and adipose tissues) was observed with both assays. In addition, significant extraction of N-terminal GLP-1 immunoreactivity was detected in the liver. Extraction of exendin-4 was detected only in the kidney.
Renal clearance
In the control animals (n=3), RPF and GFR were stable and did not change significantly over the 250-min experimental period (two-way ANOVA, data not shown ). Further analysis of the renal clearance showed that the renal extraction (pmol/min) of C-terminal GLP-1, calculated using the simultaneously measured RPF, exceeded the maximal amount that could be explained by glomerular filtration by a factor of 2 (Fig. 4) . In contrast, glomerular filtration of N-terminal GLP-1 could completely explain its renal clearance. Similarly, for exendin-4, the total renal extraction did not differ significantly from the amount which could be accounted for by glomerular filtration.
Discussion
In the present study we directly compared the metabolism of GLP-1 and exendin-4 in vivo using anaesthetised pigs. Particular emphasis was placed on investigating the renal metabolism, because it has been suggested that the kidneys play an important role in the clearance of both peptides [6, 11, 14] .
The use of specific terminally directed assays for GLP-1 sheds light on the degradation taking place, as discussed previously [6] , and explains why N-terminal immunoreactivity was lower than C-terminal immunoreactivity during the infusion, because the product of DPPIV-mediated degradation, GLP-1(9-36)amide is not detected by the Nterminal assay. The overall metabolism of GLP-1 was significantly faster than that of exendin-4, giving rise to a 10-fold longer plasma survival time for the latter [2, 6, 14, 21] . Part of the difference in metabolic stability between these two peptides, which share 53% sequence homology, is the result of their different susceptibility to enzymatic degradation. Thus, GLP-1 is degraded initially by DPPIV and subsequently by other enzymes, including NEP [8, 15] . Exendin-4, however, is reported to be more resistant to enzymatic degradation, and indeed, when incubated in the presence of kidney brush border membranes, which are especially rich in a variety of ectopeptidase activities [22] , exendin-4 is remarkably stable, with a rate of proteolysis which is several orders of magnitude less than that of GLP-1 [15] . As a result of the presence of a penultimate Nterminal glycine in exendin-4, compared with an alanine in GLP-1, exendin-4 is not degraded significantly by DPPIV [15] . Exendin-4 is also a poor substrate in vitro for NEP, whereas GLP-1 is rapidly degraded [8] . Furthermore, it is noteworthy that other peptides, which are structurally similar to GLP-1, show differential susceptibility to DPPIV in vitro (GLP-1≈GIP>GLP-2) [5, 23] , which does not correlate with their N-terminal half-lives in vivo (GLP-1<GIP≈GLP-2) [2, 24] . Thus, GIP undergoes proteolysis in the presence of kidney brush border membranes at a rate resembling that of GLP-1 [15] , even though the overall in vivo metabolism of GIP is much slower than that of GLP-1 [6, 16] . This susceptibility of GLP-1 towards degradation in vivo, compared to peptides that, judged from their sequence and in vitro kinetic data, ought to be cleaved at a similar rate, indicates that, in addition to differences in primary structure, other features such as differences in secondary structure may render GLP-1 particularly prone to cleavage. With regard to exendin-4, it could be speculated that the tertiary structure, formed by the C-terminal extension [25] , may help protect it from degradation not only because of the increased size of the peptide (i.e. NEP has a preference for smaller substrates [26] ), but also by simply hindering the access of substrate to enzymes.
The variation in both the concentration and the particular type of enzymes located in the different tissues, combined with the high susceptibility of GLP-1 (in contrast to the general resistance of exendin-4) towards ectopeptidases may, therefore, partly explain the differential organ extraction of these two peptides observed in this study. As The hepatic blood supply was calculated on the assumption that 75% originates from the portal vein and 25% is of arterial origin. Data are means±SEM. * p<0.05 indicates net extraction of peptide previously reported [6] , the extraction pattern for GLP-1 is complex, involving hepatic, peripheral and renal extraction, whereas, earlier assumptions that the kidneys are the only clearance site for exendin-4 [14, 27] were confirmed. Thus, hepatic clearance of GLP-1 can be fully accounted for by DPPIV-mediated degradation because only Nterminal degradation is observed and DPPIV is abundant on hepatocytes [28] , whereas the peripheral elimination of GLP-1 is a combination of C-terminal and N-terminal degradation, which may involve DPPIV in combination with other ectopeptidases, such as NEP, which are insufficient to affect the metabolism of exendin-4. In addition to this extracellular metabolism, mediated via enzymes found within the blood plasma, on the luminal side of the vascular endothelium and on extravascular sites within the tissues, peptide hormones may be degraded intracellularly following endocytosis, or subject to glomerular filtration and subsequent tubular degradation. The renal extraction fraction of GLP-1 (40-60%) clearly exceeded that of exendin-4 (∼20%), suggesting that a differential renal handling of the two peptides may also contribute to the greater metabolic stability of exendin-4. This appears to be the result of a genuine difference, and not secondary to changes in renal function over time, because GFR and RPF were monitored and found to be stable over the duration of the experiments. It was also verified that the presence of the non-obstructing vascular catheter in the renal vein did not affect GFR or RPF in the left kidney, because there was no difference between the two kidneys in these respects. Moreover, although there is evidence that GLP-1 may increase GFR [29] , and raise blood pressure and heart rate in rats [30] , when administered in very high concentrations that result in plasma concentrations clearly exceeding physiological levels as in the present study, these parameters (blood pressure, heart rate, GFR, and RPF) remained stable and were not altered by the peptide infusions. It is, therefore, reasonable to speculate that several mechanisms may be involved in the renal handling of peptide hormones, and this explains the differential degree of extraction that occurs for GLP-1 and exendin-4. These mechanisms may be similar to those previously described for the renal handling of the structurally related peptide, glucagon, which has been investigated in some detail and reported to consist of glomerular filtration followed by extensive catabolism, mediated by brush border peptidases and reabsorption of amino acids in the proximal tubules [31] . Small peptide fragments can also be reabsorbed in the proximal tubules and subsequently degraded intracellularly [32] , while, in addition, it has also been indicated that peritubular uptake could be involved. The extent to which this occurs in the normally filtering kidney has not been assessed, but it seems to play a significant role in the non-filtering kidney [33] . In the present study, the finding that the renal clearance of C-terminal GLP-1 immunoreactivity exceeds the amount that can be explained by glomerular filtration is in contrast with the fact that renal clearance of N-terminal GLP-1 immunoreactivity is fully accounted for by glomerular filtration. These findings are, however, in good agreement with previously reported results [11] . In patients with renal insufficiency, the MCR of C-terminal GLP-1 was reduced, whereas the clearance of N-terminal immunoreactivity was relatively unaffected. Thus, it was concluded that the kidneys are not the primary site of DPPIV-mediated metabolism of GLP-1, but are important in the final elimination of its metabolites [11] . Only one study has sought to investigate the mechanisms behind the renal metabolism of GLP-1 and suggested that both glomerular filtration and tubular metabolism take place [12] . In rats, the half-life of GLP-1 was increased following bilateral ureteral ligation or nephrectomy, indicating that renal extraction of GLP-1 is not always dependent on the occurrence of glomerular filtration. The same study also showed that renal clearance by the isolated kidney exceeded the simultaneously measured GFR, in agreement with the present study. Paradoxically however, renal clearance was almost eliminated in the non-filtering kidney [12] , further underlining that additional studies are required to clarify precisely which mechanisms are involved.
In contrast to GLP-1, our data suggest that glomerular filtration may account for the entire renal metabolism of exendin-4, because the renal clearance rate of exendin-4 was not significantly different from the GFR. Having identified the kidneys as the only clearance site of exendin-4, these observations suggest that exendin-4 is cleared solely by glomerular filtration. It has previously been speculated that this is the case [14, 27] but in those studies the actual GFR was not measured. However, it should also be borne in mind that the conclusion that glomerular filtration is the only extraction route of exendin-4 is based on the assumption that exendin-4 is filtered freely. Although the size of exendin-4 ought not to be a barrier, it cannot be excluded that other properties of the peptide, such as binding to plasma albumin, could affect its ability to pass the filtration barrier. Experiments from this laboratory, however, give no reason to believe that exendin-4 interacts with albumin (gel filtration, L. Simonsen, unpublished data). The link between exendin-4 clearance and glomerular filtration receives some support from preliminary studies in patients with renal dysfunction, in which a progressive increase in half-life and reduction in metabolic clearance of exenatide (exendin-4) accompanied worsening creatinine clearance [34] . However, even in those patients with end-stage renal disease requiring haemodialysis, exenatide was still cleared slowly from the plasma, suggesting that mechanisms other than glomerular filtration can, at least under some circumstances, contribute to the clearance of exendin-4 [34] . In summary, we have shown that whereas GLP-1 undergoes differential organ extraction in the anaesthetised pig, exendin-4 is cleared exclusively by the kidneys. Furthermore, while renal clearance of GLP-1 exceeds the amount accounted for by glomerular filtration, indicating the involvement of additional mechanisms, renal extraction of exendin-4 can be fully accounted for by glomerular filtration.
